The hormone ABA regulates various processes in plants including responses to stressors such as drought, cold, and salinity (1) . During drought, ABA alteration of guard cell ion transport promotes stomatal closure and prevents stomatal opening, thus reducing transpirational water loss. That this is a fundamental component of plant desiccation tolerance is indicated by the wilty phenotype of some ABA-insensitive mutants of Arabidopsis thaliana [dominant mutations abi1-1 and abi2-1 (2) ]. Conversely, the ABA supersensitive mutant, era1, shows enhanced drought tolerance (3) . However, the abi1-1, abi2-1, and era1 phenotypes are pleiotropic, showing altered seed dormancy (2, 3) , for example, which indicates that these genes would not be ideal targets for biotechnological manipulations seeking specifically to regulate stomatal responses.
Guard cells express an AAPK, which has Ca 2ϩ -independent and ABA-activated phosphorylation activities (4) . AAPK activity is detected in guard cells but not in leaf epidermal or mesophyll cells (4) or in roots (5) . AAPK is activated by ABA but not by darkness or elevated CO 2 concentrations (Fig. 1) , conditions that also engender stomatal closure (6) . We thus hypothesized that AAPK could be a guard cell-specific ABA response regulator. Here we report cloning of the AAPK cDNA, AAPK function, and manipulation of that function in planta.
Guard cell protoplasts (4.8 ϫ 10 7 ; 99.6% pure) were prepared (4) from Vicia faba. Protoplast proteins were extracted and subjected to two-dimensional (2D) gel electrophoresis. AAPK was identified as a 48-kD ABA-dependent and Ca 2ϩ -independent autophosphorylation spot with the in-gel kinase assay (4, 7). The AAPK spot was excised and subjected to peptide sequencing by tandem mass spectrometry (8). Two sequenced AAPK peptides had similarity to the PKABA1 (protein kinase ABA1) subfamily (9) of protein kinases in subdomains I and VIb. PKABA1 is transcriptionally upregulated by ABA (9) and PKABA1 may suppress gene induction by gibberellic acid during cereal grain germination (10).
Degenerate primers, whose design was based on conserved sequences in subdomain II of the PKABA1 subfamily and on the AAPK peptide sequence corresponding to protein kinase subdomain VIb, were used for reverse transcription-polymerase chain reaction (RT-PCR) with guard cell total RNA as template (11). The 310 -base pair (bp) product that was generated encoded the previously determined AAPK peptide sequences as well as an amino acid sequence similar to that of the PKABA1 subfamily from subdomains II to VIb. This product was used to screen a V. faba guard cell cDNA library. A fulllength cDNA of the appropriate size and sequence to encode AAPK was obtained.
The deduced AAPK sequence shows greatest homology to the PKABA1 subfamily (Fig.  2) . However, the predicted protein also has unique regions, and none of the other PKABA1 family members has been implicated in stomatal function. Northern analysis (12) shows that AAPK is expressed in guard cell protoplasts, but not in mesophyll cell protoplasts, flowers, leaves, or seeds (Fig. 3) , paralleling the guard cell specificity previously observed for AAPK activity (4) . Southern analysis (5) implies that AAPK is a single copy gene.
Functional analysis of the AAPK gene product was complicated because ABA activation of AAPK does not occur in vitro. ABA activation is evident only when AAPK is extracted from intact guard cells previously treated with ABA (4), which presumably reflects a requirement for an intact cellular signaling cascade. Therefore, a green fluorescent protein (GFP)-tagged construct of AAPK (pAAPK-GFP) was made (13), expressed in guard cells (14) , and shown to produce a kinase whose activity was upregulated by ABA treatment of the cells (14) . The conserved lysine residue in subdomain II of protein kinases is critical for adenosine triphosphate (ATP) binding. Mutation of this residue yields kinases with reduced or absent catalytic activity (15) . To create a comparable AAPK mutant, Lys 43 in AAPK was mutagenized to an alanine and a pAAPK(K43A)-GFP construct was created (13, 16). The kinase encoded by this construct had reduced activity (14) , as predicted.
Next, V. faba leaves were biolistically transformed with pGFP, pAAPK-GFP, or pAAPK(K43A)-GFP (17) (18) (19) . Abaxial epidermal peels were isolated, and transformed guard cells, indicated by their green fluorescence, were assayed for ABA-prevention of stomatal opening or for stomatal closure stimulated by ABA, CO 2 , or darkness (19) . The "half-aperture" of each transformed guard cell was compared with the half-aperture of the other, untransformed guard cell in the pair. Transformation with pAAPK(K43A)-GFP eliminated ABA-induced stomatal closure (Fig. 4) *To whom correspondence should be addressed. Email: sma3@psu.edu 1), but had no effect on stomatal closure induced by CO 2 or darkness. Transformation with wild-type AAPK (pAAPK-GFP) had no effect on any of the responses assayed (Table  1) , suggesting either that native AAPK was not rate-limiting or that recombinant AAPK was not sufficiently overexpressed to alter function.
To determine the cellular basis for the mutant AAPK effect, guard cell protoplasts were isolated from biolistically transformed leaves and subjected to patch-clamp analyses (20) . Slow anion channel activation is implicated in stomatal closure (6, (21) (22) (23) . Anion loss presumably depolarizes the membrane potential, thus driving an efflux of K ϩ , followed by H 2 O efflux and stomatal closure. We show here that in V. faba, ABA activates slow anion channels ( We suspect that the K43A mutant kinase competes with the activity of native AAPK in a dominant negative fashion. First, the kinase inhibitor K-252a inhibits (i) native AAPK activity (4, 5) , (ii) ABA-induced stomatal closure (22) , and (iii) ABA regulation of anion channels in untransformed cells (Fig. 5B) , implying that the channels are indeed normally regulated 
Degenerate primers, 5Ј-T TGC(C/T )(A/G)T(G/C)AA(A/ G) TACATCGAA-3Ј (forward primer) and 5Ј-CCATC(C/ T )A(A/G)NAGNGT(A/G)T T T TC-3Ј (reverse primer),
where N indicates A, T, G, or C were designed as indicated in Fig. 2 . Total RNA was isolated from guard cell protoplasts of V. faba ( TRIzol reagent, Gibco-BRL, Grand Island, NY) and used for RT-PCR. The PCR product was labeled with [ 32 P]dCTP (Rediprime II, Amersham Pharmacia Biotech) and used to screen a V. faba guard cell cDNA library in -Zap II (Stratagene, La Jolla, CA). The resulting full-length AAPK cDNA was sequenced on both strands. 12. Total RNA was isolated from purified guard cells, mesophyll cells, flowers, leaves, and seeds of V. faba and Northern analysis was performed by standard methods. The probe was the 32 P-labeled Bgl II-Csp45 I fragment of the AAPK cDNA clone, which includes the cDNA sequence corresponding to the relatively unique AAPK NH 2 -terminal region (Fig. 2) and part of the 3Ј untranslated region of the cDNA. , ABA has no effect, and current rundown proceeds. Currents at Ϫ85 mV are shown 15 and 30 min after achieving a stable whole-cell configuration. ABA was applied just after recording the 15-min traces. Note the "reversal" of the 15 and 30 min traces in the pAAPK(K43A)-GFP transformed guard cell treated with ABA. Currents were identified as slow anion currents by their time dependence, reversal potential, and sensitivity to the anion channel blocker 5-nitro-2-(3-phenylpropylamino)benzoic acid (29) . (B) Summary of effects of AAPK and the kinase inhibitor K252A (1 M) on ABA regulation of anion currents. Steady-state current magnitude at Ϫ85 mV (21, 22) at 15 min after ABA application relative to steady-state current magnitude just before ABA application is plotted using the formula: -[(I 15min Ϫ I 30min )/I 15min ] ϫ 100. ABA was applied 15 min after attaining a stable whole-cell configuration. From left to right, bars represent mean Ϯ SE of 9, 12, 5, 6, 5, 5, 9, 7, and 8 cells. Open bar, ϪABA; striped bar, ϩABA; solid bar, ϩABA ϩ K252a). Vitamin A deficiency causes symptoms ranging from night blindness to those of xerophthalmia and keratomalacia, leading to total blindness. In Southeast Asia, it is estimated that a quarter of a million children go blind each year because of this nutritional deficiency (1). Furthermore, vitamin A deficiency exacerbates afflictions such as diarrhea, respiratory diseases, and childhood diseases such as measles (2, 3) . It is estimated that 124 million children worldwide are deficient in vitamin A (4) and that improved nutrition could prevent 1 million to 2 million deaths annually among children (3). Oral delivery of vitamin A is problematic (5, 6) , mainly due to the lack of infrastructure, so alternatives are urgently required. Success might be found in supplementation of a major staple food, rice, with provitamin A. Because no rice cultivars produce this provitamin in the endosperm, recombinant technologies rather than conventional breeding are required. Immature rice endosperm is capable of synthesizing the early intermediate geranylgeranyl diphosphate, which can be used to produce the uncolored carotene phytoene by expressing the enzyme phytoene synthase in rice endosperm (7). The synthesis of ␤-carotene requires the complementation with three additional plant enzymes: phytoene desaturase and -carotene desaturase, each catalyzing the introduction of two double bonds, and lycopene ␤-cyclase, encoded by the lcy gene. To reduce the transformation effort, a bacterial carotene desaturase, capable of introducing all four double bonds required, can be used.
We used Agrobacterium-mediated transformation to introduce the entire ␤-carotene biosynthetic pathway into rice endosperm in a single transformation effort with three vectors (Fig. 1) (8) . The vector pB19hpc combines the sequences for a plant phytoene synthase ( psy) originating from daffodil (9) (Narcissus pseudonarcissus; GenBank accession number X78814) with the sequence coding for a bacterial phytoene desaturase (crtI ) originating from Erwinia uredovora (GenBank accession number D90087) placed under control of the endosperm-specific glutelin (Gt1) and the constitutive CaMV (cauliflower mosaic virus) 35S promoter, respectively. The phytoene synthase cDNA contained a 5Ј-sequence coding for a functional transit peptide (10), and the crtI gene contained the transit peptide (tp) sequence of 
